Objectives-Activation of liver x receptor (LXR) raises plasma HDL-cholesterol (HDL-C) in mice. Interestingly, the LXR agonist GW3965 fails to raise plasma HDL-C in mice lacking intestinal ABCA1, indicating that intestinal ABCA1 plays a predominant role in GW3965-mediated HDL production. How this is coupled to intestinal function remains elusive. Because cholesterol is essential for HDL assembly and directly regulates intestinal ABCA1 expression via activating LXR, we hypothesized that cholesterol absorption, a major function of intestine, modulates LXR-dependent HDL formation. Methods and Results-Mice lacking Niemann-Pick C1-Like 1 (NPC1L1) (L1-KO mice), a gene that is essential for cholesterol absorption, were treated with LXR agonist T0901317 for 7 days. Intriguingly, this treatment failed to significantly raise plasma HDL-C but caused a much greater fecal cholesterol excretion in L1-KO mice. The intestinal ABCA1 mRNA level was about 4-fold lower in L1-KO versus wild-type mice, and increased 3.9-fold and 8.8-fold after T0901317 treatment in wild-type and L1-KO mice, respectively. Hepatic ABCA1 failed to respond to T0901317 in mice of both genotypes, although hepatic mRNAs for many LXR target genes were higher in the T0901317-treated versus untreated wild-type animals. Conclusions-NPC1L1 is required for an LXR agonist to increase plasma HDL-C in mice. 
P lasma high density lipoprotein (HDL) is protective against coronary heart disease. It is believed that HDL protects the cardiovascular system by transporting excess cholesterol from peripheral tissues back to the liver for clearance, a process that is known as reverse cholesterol transport. The biogenesis of plasma HDL requires a functional ATP-binding cassette (ABC) transporter, ABCA1, [1] [2] [3] [4] which mediates assembly of free cholesterol and phospholipids with apolipoprotein A-I (apoA-I) to form nascent HDL particles. ABCA1 is expressed in many tissues, including the liver, intestine, and macrophages. Bone marrow transplantation studies have shown that the macrophage does not play an important role in the formation of plasma HDL under physiological conditions. 5 Liver-specific ablation of ABCA1 in mice has established liver as the major source of HDL. 6 Interestingly, mice lacking ABCA1 specifically in intestine showed a Ϸ30% reduction in plasma HDL, 7 indicating that intestinal ABCA1 directly contributes to HDL biogenesis.
ABCA1 is a target gene of the nuclear receptor liver x receptor (LXR). 8 Oral administration of synthetic LXR agonists (T0901317 or GW3965) increases plasma HDL-cholesterol (HDL-C) levels in wild-type mice, 9 -12 and this effect is abolished in whole-body ABCA1-null mice. 13 It remains unclear which tissue is more important in LXR agonistinduced increases in plasma HDL-C. GW3965, a compound that specifically activates intestinal LXR target genes without much effect on hepatic LXR targets, 10 can raise plasma HDL-C in the liver-specific but not intestine-specific ABCA1 knockout mice, 14 suggesting that intestinal ABCA1 may contribute to the increased plasma HDL-C induced by LXR activation.
How the LXR agonist-induced and intestinal ABCA1-dependent increase in plasma HDL-C is coupled to intestinal function remained to be elucidated. Evolved as an absorptive organ, the small intestine functions primarily to absorb various nutrients, including cholesterol. In the intestinal lumen, cholesterol comes from 2 sources: diet and bile. Normally, about 50% of cholesterol in the gut lumen is absorbed, which has an evolutionary advantage because de novo cholesterol biosynthesis requires tremendous amounts of energy input. Absorbed free cholesterol can be esterifed by acyl-coenzyme A (CoA):cholesterol O-acyltransferase 2 (ACAT2) to form cholesterol esters for incorporation into chylomicrons, 15 or can interact with ABCA1 for assembly into nascent HDL particles, 16 although it was unknown how important the absorbed free cholesterol is in regulating intestinal HDL formation.
Niemann-Pick C1-Like 1 (NPC1L1) was recently identified to be required for cholesterol absorption. 17 Mice lacking NPC1L1 (L1-KO mice) have a substantial reduction in cholesterol absorption, 17 and are completely resistant to diet-induced hypercholesterolemia 18, 19 and to apoEdeficiency-caused atherosclerosis. 20 The expression level of ABCA1 was reduced by Ϸ75% in the intestine of L1-KO mice compared with wild-type mice, 18 indicating that cholesterol absorption directly modulates intestinal ABCA1 expression levels.
Based on the aforementioned facts, we hypothesized that intestinal cholesterol absorption may play an important role in LXR agonist-stimulated HDL formation. To test this hypothesis, L1-KO mice were treated with T0901317, and their lipids in plasma and tissues were analyzed. Consistent with our hypothesis, T0901317 failed to increase plasma HDL-C in L1-KO mice. Thus, intestinal cholesterol absorption is required for T0901317 to raise plasma HDL-C in mice.
Methods
Please see supplemental methods (available online at http://atvb. ahajournals.org) for details on animals and diet, analytical procedures, bile duct cannulation, fecal neutral sterol excretion, RNA isolation, quantitative real-time polymerase chain reaction (qPCR), preparation of tissue membrane proteins, and immunoblot analysis. All animal procedures were approved by the institutional animal care and use committee at Wake Forest University Health Sciences.
LXR Agonist Treatment
At 2 months of age, male wild-type and L1-KO mice of C57BL/6 background were fed a synthetic diet containing 10% energy from palm oil and 0.015% (w/w) cholesterol (prepared at the institutional diet core) until mice were euthanized. From day 15 of diet feeding, mice were gavaged daily for 7 days with either a 100 L of vehicle solution (dimethyl sulfoxide/ phosphate-buffered saline [1:3] ), or 25 mg/kg BW of T0901317 (Cayman Chemical Company) dissolved in vehicle solution. All mice were then either euthanized for tissue and blood collection after a 4-hour fast or used for bile duct cannulation.
Statistical Analysis
All data are represented as the meanϮSEM. Statistically significant differences were determined by ANOVA (Tukey-Kramer honestly significant difference) for all values except qPCR data that were statistically analyzed by unpaired, 2-tailed Student t test. PϽ0.05 was considered statistically significant.
Results

LXR Activation by T0901317 Does Not Increase Size and Cholesterol Content of Plasma HDL Particles in L1-KO Mice
To directly test our hypothesis that intestinal cholesterol absorption is required for an LXR agonist to increase plasma HDL-C, plasma concentrations of lipids and lipoprotein cholesterol distribution were determined. As expected, in wild-type mice, T0901317 treatment raised plasma concentrations of total cholesterol, free cholesterol, cholesterol ester, and phospholipids (Table 1) , and the increased cholesterol was accumulated in large HDL particles ( Figure 1A ). Interestingly, all of these changes were either abolished or attenuated in L1-KO mice (Table 1 and Figure 1B ). Plasma triglyceride concentrations failed to increase in response to T0901317 treatment in mice of both genotypes (Table 1) . Wild-type (WT) and L1-KO mice (nϭ6) were treated with either vehicle (V) or T0901317 (T). The concentrations of plasma total cholesterol (TC), free cholesterol (FC), phospholipids (PL), and triglyceride (TG) were analyzed. Cholesterol ester concentration was calculated by multiplying the difference between total and free cholesterol mass by 1.67. The difference between values associated with different superscript letters in each parameter is statistically significant (PϽ0.05). The attenuated increase in plasma lipoprotein cholesterol in response to T0901317 was also seen in L1-KO versus wild-type mice when T0901317 was administered by intraperitoneal injection (supplemental Figure I) , indicating that the compound availability was not responsible for the observed attenuation. It was noticed that the increase in plasma cholesterol in the T0901317-treated chow-fed wild-type mice was not as high as that in the T0901317-treated wild-type mice fed the synthetic diet (WT-T in supplemental Figure I versus WT-T in Figure 1A ). This might be attributable to differences in diet or the administration route of T0901317. Alternatively, to achieve maximal effect of T0901317 on plasma cholesterol, intestine might have to be the first organ being exposed to T0901317. If this is the case, it would further support that intestine plays a crucial role in LXR activation-induced increase in plasma cholesterol.
It has been demonstrated that large HDL particles accumulated in the T0901317-treated animals are apoEenriched. 12 Consistently, T0901317 increased plasma apoE mass in wild-type mice, but this increase was modest in L1-KO mice ( Figure 1C ). Compared with vehicle-treated wild-type mice, a slight reduction in plasma apoE mass was also observed in vehicle-treated L1-KO mice.
T0901317 Increases Intestinal but not Hepatic ABCA1 Expression
Because ABCA1 directly controls plasma HDL-C levels, hepatic ABCA1 expression was examined. Under our experimental conditions, T0901317 failed to increase ABCA1 mRNA and protein levels in the liver of both wild-type and L1-KO mice (Figure 2 ), which was gene-specific because the hepatic levels of ABCG5 and ABCG8, the 2 target genes of LXR, 21, 22 were increased in response to T0901317 in wildtype mice, despite that the increase did not reach statistical significance (Figure 2) . The expression levels of other genes relating to lipoprotein metabolism were also examined. After T0901317 treatment, the hepatic protein level of low density lipoprotein (LDL) receptor (LDLR) was increased in wild-type mice but not in L1-KO mice ( Figure 2B ). The LDLR mRNA levels were slightly increased in T0901317-treated mice of both genotypes and in L1-KO versus wild-type mice. However, these increases were not statistically significant (Figure 2A ). Interestingly, the changes of hepatic mRNAs for proprotein convertase subtilisin/kexin type 9 (PCSK9), a protein that mediates LDLR degadation, [23] [24] [25] not only mirrored LDLR mRNA alterations, but also were highly statistically significant among all groups (Figure 2A ). The hepatic protein levels of the HDL scavenger receptor class B type I SR-BI were reduced in T0901317-treated mice of both genotypes ( Figure 2B ). The hepatic SR-BI mRNA levels were significantly reduced accordingly (Figure 2A) . No changes were seen in hepatic apoE mRNA levels among all groups, in spite of an increase in plasma apoE mass in T0901317-treated mice ( Figure 2B) .
In contrast to hepatic ABCA1 expression, after T0901317 treatment, intestinal ABCA1 mRNA levels significantly increased 3.9-fold and 8.8-fold in wild-type and L1-KO mice, respectively ( Figure 2C) . Because the basal level of intestinal ABCA1 mRNA was reduced by 75% in L1-KO versus mice, the net abundance of intestinal ABCA1 mRNA was still 42% lower in L1-KO mice than in wild-type mice after T0901317 treatment ( Figure 2C ). The pattern of ABCG5 and ABCG8 mRNA variations was similar to ABCA1, but the pattern of statistical significances was slightly different ( Figure 2C ). Gene expression levels in mice treated with either vehicle (V) or T0901317 (T). The qPCR was performed with individual total RNA samples from each group (nϭ4). Equal amount of liver membrane proteins was pooled from each sample in each group (nϭ6). Cyclophilin was used as invariant control for qPCR. RAP was used as the loading control for Western blotting. A and C, Tissue mRNA levels. Values represent the amount of mRNA relative to that in vehicle-treated wild-type mice, which is arbitrarily defined as 1. Statistically significant differences were determined by Student t test. *PϽ0.05; **PϽ0.01. B, Hepatic protein levels. The same filter was used for all antibodies after stripping.
LXR Activation by T0901317 Causes a Greater Fecal Neutral Sterol Excretion in L1-KO Mice
To further probe how disruption of NPC1L1 renders mice resistant to T0901317-induced increases in plasma HDL-C, the cholesterol balance was assayed by measuring fecal excretion of neutral sterols (cholesterol and its bacterial modified metabolites). As expected, T0901317-treated L1-KO mice had the highest fecal neutral sterol excretion rate, followed by L1-KO mice on vehicle, wild-type mice on T0901317, and wild-type mice on vehicle ( Figure 3A) . Interestingly, the majority of cholesterol was converted to coprostanol, a bacterial metabolite of cholesterol, in T0901317-treated L1-KO mice with the coprostanol to cholesterol ratio as high as 4.2, whereas these ratios ranged from 0.3 to 0.5 in all other groups ( Figure 3B) . Surprisingly, a reduction in stool output was observed for the first time in T901317-treated mice on our synthetic diet ( Figure 3C ). Interestingly, compared with wild-type mice, L1-KO mice also showed a reduction in stool output, regardless of treatments. This resulted in a Ϸ50% decrease in stool output in T0901317-treated L1-KO mice versus vehicletreated wild-type mice.
T0901317 Increases Biliary Cholesterol Concentrations in Both Wild-Type and L1-KO Mice
It has been established that T0901317 promotes biliary cholesterol excretion, 13, 26 and this effect is dependent on the heterodimeric cholesterol exporter ABCG5/ABCG8. 26 To examine whether NPC1L1 disruption or block of intestinal cholesterol absorption alters T0901317-induced hepatobiliary cholesterol hypersecretion, the concentrations of biliary lipids were determined in 2 consecutive 15-minute bile samples collected from the common bile duct. As shown in Table 2 , T0901317 administration significantly augmented biliary cholesterol concentrations in both bile samples from mice of both genotypes. This effect was cholesterol-specific because the concentrations of phospholipids and bile acids were largely unaffected. Increased biliary cholesterol concentrations was likely a result of increased expression of ABCG5 and ABCG8 (Figure 2A and 2B) , which would be consistent with ABCG5/ABCG8 being the direct target of LXR 21, 22 and the major hepatobiliary cholesterol transporter. 27, 28 Disruption of NPC1L1 Attenuates T0901317-Induced Hepatic Steatosis LXR activation by T0901317 causes overaccumulation of triglyceride in the liver as a result of increased lipogenesis. 9 In this study, T0901317 treatment for 7 days caused a 6.7-fold increase in hepatic triglyceride content in wild-type mice, but only a 2.3-fold increase in L1-KO mice ( Figure  4A ). No changes in the hepatic content of total cholesterol, free cholesterol, cholesterol ester, and phospholipids were -1 and 15min-2) . The difference between values associated with different superscript letters in each parameter is statistically significant (PϽ0.05).
observed (data not shown). Attenuation of hepatic triglyceride accumulation in T0901317-treated L1-KO mice was coupled to a reduced increase in the liver/body weight ratios ( Figure 4B ) and in the hepatic mRNAs for lipogenic genes including sterol regulatory element-binding protein-1c (SREBP-1c), fatty acid synthase (FAS), and stearoyl-CoA desaturase-1 (SCD-1) ( Figure 4C ).
Discussion
The major finding in this study is that disruption of NPC1L1 attenuated the T0901317-induced increase in plasma HDL-C in mice. Because NPC1L1 is almost exclusively expressed in intestine in mice, 17 and ablation of NPC1L1 causes a defect in intestinal absorption of sterols, 17, 18 this finding suggests that intestinal cholesterol absorption is required for T0901317 to increase plasma HDL-C in mice. It also indicates that the intestine is the major source of increased HDL-C seen in T0901317-treated mice.
How does intestinal cholesterol absorption influence LXR agonist-induced increase in plasma HDL-C? A previous study has shown that intestinal but not hepatic ablation of ABCA1 abolished LXR agonist GW3965-stimulated elevation in plasma HDL-C, 14 indicating a critical role of intestinal ABCA1 in mediating this LXR effect. Additionally, hepatic ABCA1 expression has been shown to be insensitive to LXR activation either by cholesterol feeding 29 or synthetic LXR agonists, 8, 30 which is consistent with T0901317 failing to increase hepatic ABCA1 expression in both wild-type and L1-KO mice (Figure 2) .
One reasonable explanation for T0901317 failing to induce an increase in plasma HDL-C in the absence of cholesterol absorption could be that the amount of cholesterol absorbed from the gut lumen directly determines the baseline level of ABCA1 via modulating LXR-dependent ABCA1 expression. 8 In the case of impaired cholesterol entry into enterocytes from the gut lumen as seen in L1-KO mice, the baseline level of ABCA1 is significantly downregulated 18 ( Figure 2C ) because there is less cholesterol to activate LXR. Although T0901317 can directly activate LXR and upregulate ABCA1 expression in the intestine of L1-KO mice (8.8-fold upregulation in L1-KO mice versus 3.9-fold upregulation in wildtype mice), the absolute level of ABCA1 is still 42% lower than that in T0901317-treated wild-type mice ( Figure 2C ), which may not be high enough to significantly raise plasma HDL-C. It is also highly possible that the block in cholesterol absorption leads to less cholesterol available for ABCA1-dependent lipidation in the intestine, thereby reducing HDL-C formation.
Alternatively, despite that T0901317 significantly reduced the SR-BI expression in both genotypes (Figure 2A and 2B) , a role of hepatic SR-BI could not be excluded because the hepatic mRNA and protein levels of SR-BI were still higher in L1-KO versus wild-type mice after T0901317 treatment, and the relative higher hepatic level of SR-BI may result in more plasma HDL-C particles being cleared in L1-KO mice. To the best of our knowledge, this study is the first to show that T0901317 reduces hepatic SR-BI expression. How T0901317 regulates hepatic SR-BI protein remains to be elucidated.
ApoE has been shown to be enriched in, and required for T0901317 to raise large HDL particles. 12 Because T0901317 had no effect on hepatic apoE mRNA (Figure 2A) , the difference in plasma apoE mass between T0901317-treated wild-type and L1-KO mice might be attributed to extrahepatic modulation of apoE, such as plasma apoE turnover and extrahepatic synthesis. ApoE is a target of LXR in macrophages and adipocytes. 31 It is possible that T0901317 failed to fully induce apoE expression in these cells as seen in livers for some lipogenic genes ( Figure 4C ) when intestinal cholesterol absorption is blocked, thereby causing reduced secretion The difference between values associated with different letters is statistically significant (PϽ0.05). Liver/body weight ratio was repeated with a different set of animals and similar results were achieved. C, Hepatic mRNA levels were measured by qPCR with individual total RNA samples from each group (nϭ4). Values represent the amount of mRNA relative to that in vehicle-treated wild-type mice, which is arbitrarily defined as 1. Statistically significant differences were determined by Student t test. *PϽ0.05; **PϽ0.01.
of apoE into plasma in L1-KO mice. If this is the case, failure of T0901317 to raise plasma HDL-C may partially be attributed to altered apoE metabolism.
An interesting finding from this study is that LXR activation by T0901317 causes less hepatic accumulation of triglyceride and reduced activation of lipogenic genes in L1-KO mice than in wild-type mice (Figure 4 ). L1-KO mice have a deficit in cholesterol balance as a result of defect in intestinal absorption of both dietary and biliary cholesterol. After T0901317 treatment, this deficit became more evident in L1-KO mice than in wild-type mice ( Figure 3A ) because T0901317 promoted biliary cholesterol secretion equally in both wild-type and L1-KO mice (Table 2) , and yet this bile-originated cholesterol cannot be reabsorbed in L1-KO mice, unlike in wild-type mice. It is possible that this deficit in cholesterol balance specifically counterbalances LXR activation of lipogenic genes, and as a result, triglyceride is reduced in the liver of T0901317-treated L1-KO mice.
One could argue that T0901317 absorption might have been impaired in L1-KO mice so that it failed to raise plasma HDL-C and hepatic triglyceride in these animals. We do not favor this argument because LXR activation by T0901317: (1) promoted biliary cholesterol secretion equally in mice of both genotypes (Table 2) ; (2) increased the intestinal expression of its target ABCA1 by 8.8-fold in L1-KO mice versus 3.9-fold in wild-type mice ( Figure 2C) ; and (3) caused a greater fecal loss of cholesterol in L1-KO mice compared with vehicle-treated L1-KO mice ( Figure 3A) , which could only be explained by T0901317 promoting excretion of endogenous cholesterol rather than inhibiting absorption of exogenous cholesterol because the same amount of cholesterol was fed to animals and the intestinal cholesterol absorption was disrupted in L1-KO mice. To promote excretion of endogenous cholesterol, T0901317 has to be absorbed into the body. Additionally, we measured by high-performance liquid chromatography (HPLC) the relative level of T0901317 that was accumulated in the pooled samples of plasmas used for lipid analyses. Both wild-type and L1-KO mice accumulated the same level of T0901317 in the plasma (data not shown). When T0901317 was administered by intraperitoneal injection, less response in terms of plasma lipoprotein cholesterol increase was also seen in L1-KO versus wild-type mice (supplemental Figure I) .
It is unknown why stool output was reduced in T0901317-treated mice and in L1-KO versus wild-type mice ( Figure  3C ). It appears that stool output is negatively correlated with the amount of free cholesterol in the gut lumen. L1-KO mice do not absorb cholesterol, resulting in increased luminal cholesterol and reduced stool output. T0901317-treated L1-KO mice have even more cholesterol in the lumen as a result of increased biliary cholesterol secretion, thus further reducing stool output. It is tempting to hypothesize that a reduction in stool output may protect against excessive fecal loss of cholesterol, an essential structural component of mammalian cells.
The fact that the majority of cholesterol was converted to coprostanol in T0901317-treated L1-KO mice ( Figure 3B ) may be a result of substrate-driven activation of cholesterolreducing bacteria in the gut lumen. It has been reported that the growth of a cholesterol-reducing bacterium requires the presence of cholesterol in the medium. 32 The conversion of cholesterol to coprostanol may protect the intestine against cytotoxicity of free cholesterol that overaccumulates in the gut lumen of T0901317-treated L1-KO mice.
Collectively, this study unraveled a predominant role of intestinal cholesterol absorption in the biogenesis of HDL-C induced by LXR activation. As proposed by Kruit et al, 33 in addition to liver, intestine may serve as another target for pharmacological manipulation of plasma HDL-C. Because inhibition of cholesterol absorption by ezetimibe, a potent cholesterol absorption inhibitor that targets NPC1L1, lowers plasma LDL cholesterol, 34 targeting intestinal cholesterol absorption may produce a dual effect on lipoprotein cholesterol metabolism: (1) its inhibition lowers plasma LDL cholesterol, the offending agent for coronary heart disease, and (2) its presence is essential for some compounds to raise plasma HDL-C, the defending agent against coronary heart disease.
